Chloride ingress leading to corrosion of embedded steel is the most detrimental process affecting the durability of reinforced concrete structures. Various authors have suggested methods of calculating the time to depassivation of reinforcing steel by modelling chloride penetration on the basis of a solution of Fick's second law of diffusion. This involves several assumptions, including boundary and initial conditions that may be fulfilled in idealised laboratory tests but not in real structures. The situation calls for an explicit recognition of the limited knowledge that exists regarding both detailed mechanisms of chloride ingress and threshold chloride concentrations that cause depassivation of steel in different types of concrete subjected to different conditions of exposure. These uncertainties can result in major inaccuracies when models are used to predict the long-term performance of structures.
Introduction
The importance of studying chloride penetration into concrete is generally accepted since it is well known that the presence of a significant concentration of chloride ions at the depth of reinforcing steel causes a risk of corrosion. Because of the inadequate performance of many existing structures in marine environments and in circumstances where deicing salts have been applied, there is strong demand from engineers for a practical method of designing reinforced concrete structures with targeted durability in such environments. The most widely used methodology is based on papers from the early 1970's suggesting that chloride penetration into concrete exposed to deicing salts may be represented as a process of diffusion occurring in accordance with Fick's second law (1, 2) and on Tuutti's model for the development of corrosion in reinforced concrete, published in 1982 (3).
In the 1980's, a number of studies of chloride diffusion in cement pastes were made, that elucidated factors affecting the kinetics, particularly the effects of temperature, binder composition and the role of supplementary cementitious materials, such as fly ash and ground granulated blast furnace slag (4, 5) . The results were soon incorporated into service-life models for reinforced concrete structures exposed to severe, chloridecontaining environments (6) . They were also used, with other parameters, in attempts to rank the performance of different cements in terms of their ability to provide protection to embedded steel against chloride-induced corrosion (7) .
Although it is well-known that chloride penetration into concrete often depends on a combination of transport mechanisms, in which diffusion does not necessarily play the dominant role (8) , the process is still usually modelled by assuming that an analytical solution of Fick's second law of diffusion may be applied. Even when diffusion is the principal transport mechanism, this requires several sweeping assumptions including those that the external concentration of chloride ions and the so-called 'diffusion coefficient' (or diffusivity) are constants, independent of position within the concrete and time of exposure.
The analytical solution (attributable to Boltzmann, 1894) of Fick's second law (9) that has commonly been applied in the simplest case of unidirectional chloride ingress into concrete with an initial concentration assumed to be zero, is expressed in the form of the well known "error function equation":
where C x is the concentration of chloride at a distance x from the concrete surface, C s is the surface concentration of chloride, t is the time and D is the 'non-steady-state' or 'apparent' diffusivity (preferably denoted D a -as discussed later).
This equation is generally used by fitting it to 'chloride profiles', representing data for acid-soluble chloride content measured at various depths for laboratory specimens of concrete after submitting them to fixed periods of immersion in salt solutions. It has also been applied to similar data measured in samples taken from real structures with known history of exposure to chloride. By means of this curve fitting approach, the 'apparent diffusivity' value is calculated and used as the main parameter to account for the rate of chloride penetration. It is also used for extrapolating the behaviour to longer lives (50 or more years) and for predicting the time at which a certain concentration of chloride (assumed to be the threshold for corrosion initiation) will reach the reinforcement. D a values for OPC concrete of typical structural quality have normally been found to range between about 10 -12 and 10 -11 m 2 /s.
The methodology has been enthusiastically adopted during the last decade by many researchers and others interested in service-life prediction. In many cases, however, real structures do not behave as equation [1] predicts (10) (11) (12) , which is unsurprising, as several of the basic assumptions involved in applying and solving Fick's second law of diffusion are not fulfilled in reality (13) .
There are two main approaches presently being used by those involved in developing service-life methodologies for structures exposed to chloride ingress:
1) making use of computational models for solving Fick's law (14) (15) with different boundary and initial conditions than those that apply to equation [1] ; 2) collecting data from real structures and laboratory testing in order to improve understanding of the physico-chemical mechanisms involved in chloride penetration through concrete of different types exposed to chlorides under different conditions (10) (11) (12) .
Although the demand from engineers for a model that is capable of predicting the performance of reinforced concrete in chloride environments is very clear, the need to supply one that is soundly based is equally clear, otherwise the outcome is likely to be seriously misleading. Since there are numerous gaps in current knowledge regarding mechanistic features of chloride ingress, to say nothing of the difficulties of estimating chloride threshold concentrations reliably, it is the authors' view that there needs to be an explicit recognition of the limitations of modelling and its corollary, viz. that accurate predictions of the time to depassivation are not generally feasible.
In this contribution, we examine some of the principal difficulties involved in modelling chloride penetration reliably, even for the simplest cases where diffusion, rather than some other process, is the dominant mechanism of chloride transport and we offer some tentative suggestions that may provide ways of resolving the present impasse.
Aspects of the chloride penetration process
The process of chloride ingress into concrete is always dependent on at least two separate, competing phenomena, viz. (i) chloride transport via the pore solution phase, and (ii) chloride binding at the pore surfaces. In cases where diffusion is the dominant chloride transport mechanism, this may be described by an 'effective diffusivity'
Third RILEM workshop on Testing and Modelling the Chloride Ingress into Concrete 9-10 September 2002, Madrid, Spain (preferably denoted D e ), which provides information on the rate of penetration of the ions through the water-saturated pore network. Chloride binding may be viewed simply as a 'retardation effect' due the combined influence of adsorption and chemical reactions between chlorides and cement hydrates, principally the hydrated calcium aluminates, to give Friedel's salt and other products.
Types of diffusivity
Since the parameter used to characterize chloride penetration is normally some form of 'diffusivity' or 'D' value, it is important to emphasize that there are different types of 'D' value referred to in the literature and this has caused confusion. The type that is used to represent 'steady-state' diffusion, for which the chloride flux through the specimen into an external solution is constant, indicating that chloride binding does not contribute any significant time-dependent retardation effect, is the 'effective diffusivity', D e (4). In the case of 'non-steady-state' diffusion processes, for which the flux through a particular element of the specimen evolves with time as chloride accumulation occurs within the element and binding with cement phases contributes a time-dependent retardation effect, the relevant parameter is the 'apparent diffusivity', D a (16) . Values of D e and D a are often confused, although they are obtained from quite different types of test, the steadystate value being derived from Fick's first law applied to the measured flux of dissolved chloride emerging through a disc specimen into an external solution and the non-steadystate value being estimated by fitting equation 1 to data obtained from analysis of acidsoluble chloride penetration profiles. Figure 1 . Evolution of D a for two different types of concrete.
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1.E-10 A further important aspect to be noted, is that D a values are not constant but decrease with time and often with increasing chloride concentration. Clearly, therefore, they should be related to the age at which they have been measured, and to the surface concentration used for the calculation. The time-dependence of D a has been suggested to follow the square root of time (14) , but this purely empirical relationship depends on the type of cement and is likely to vary considerably in response to changes in the climatic conditions (17) . An illustration of this non-generalized dependence can be seen in Figure  1 , where the evolution of the D a for two different kinds of concrete, made with different binders, is shown. Regarding the chloride concentration, D a is sometimes found to decrease as the chloride concentration increases but this does not always happen.
In summary, the so-called 'D' values, on which current service-life models rely, are not basic material constants with generally accepted methods of measurement. They are actually complex whole-system variables that need to be defined and measured under carefully standardized conditions.
Binding
In addition to considering the kinetics of ionic transport within the pore solution phase (which may be represented by the D e value without binding), the immobilisation of a proportion of the chloride ions by interaction with the solid cement hydration products is the other major process that needs to be taken into account when modelling diffusional penetration of chloride into concrete. This implies that modelling of the binding process is subject to numerous uncertainties. Not only do these affect the predictability of chloride penetration rates, they also
influence the predictability of chloride threshold values, since it is known that corrosion of embedded steel is induced only by the free chloride ions. 
Non-Fickian nature of chloride penetration into concrete
In real structures, the process of chloride penetration is generally not Fickian diffusion because it evolves with time (with the age of the structure) and involves a sequence of steps in which both the concrete and the mechanisms change. Thus, when the structure is erected, the chlorides may penetrate easily as the cover zone is not yet contaminated. During these first years the surface concentration (C s ) increases rapidly with time, and the relevant 'D' value also decreases rapidly owing to progressive hydration and the increase in concentration of chloride inside the concrete. Later, the surface of the concrete (the so called "skin") may be dried, carbonated, affected by leaching or erosion and therefore the mechanism of penetration may change. In consequence, the assumptions of Fick's second law are violated and a rigorous analytical solution will not apply. Numerical treatments are seen as much more promising for the future.
Proposals
As concrete structures have to be designed for durability when exposed to a wide range of chloride-containing environments, practical procedures are needed to enable engineers to carry out service life estimations. Rigorous models would obviously be desirable but, in their absence, simple tools for predicting long term performance can be useful, providing that their limitations are recognised.
Additionally, it is important to stress that, in very aggressive environments, concrete cover does not have to be the sole means of providing long term corrosion protection to reinforcing steel, particularly when the required service life is such as to necessitate the use of very high performance concrete together with impractically large depths of cover. Appropriate supplementary corrosion protection measures, the understanding of which has improved considerably during the last decade, can often be applied cost-effectively under these circumstances.
Considering simple tools that might be of assistance with regard to design for durability, we propose that:
(i) Chloride transport resistance and chloride binding should be treated as separate characteristics, both of which are important in influencing the chloride penetration rate.
Measurement and prescription of parameters representing these two characteristics might provide a useful approximate guide to steel corrosion initiation periods expected for given thicknesses of cover concrete made from different constituents.
Ways of obtaining the 'chloride transport index' might involve steady state diffusion tests to determine D e or measurements of electrical concrete resistivity under well defined conditions. (iv)
The 'chloride binding index' might be obtained either directly from batch sorption isotherm experiments or from analysis of the 'time-lag' observed in steady-state diffusion tests.
Information from steady-state diffusion tests
As noted previously (7) When a steady-state diffusion test is started, there is a time-lag (t i ) before the flux of chloride ions emerging through the specimen attains a constant value. This time-lag is measured as the intercept obtained by extrapolating the linear portion of the recorded downstream concentration/time plot to the time axis. For a system in which the relationship between free and bound chloride concentrations may be described by a constant volumetric distribution coefficient (γ = C b /C s ) the value of t i is given by the expression (19):
where: L = thickness of specimen, P = porosity available for chloride diffusion, C b = bound chloride concentration (mol/m 3 solid) and C s = free chloride concentration (mol/m 3 liquid).
Since t i , D e and L are all known or easily measured for the test specimen, we require only an estimate of the volume fraction of porosity available for chloride diffusion to calculate the distribution coefficient (γ) and thus provide a simple index for the degree of chloride binding. This might be termed an 'effective distribution coefficient' (γ e ) since it represents a parameter obtained by averaging in cases where the ratio of C b /C s varies across the specimen thickness.
The relevant porosity term (P) can be obtained by determining the weight loss sustained by a given volume of the water-saturated specimen on equilibration in an atmosphere at 90.7 % relative humidity (over saturated barium chloride solution), which corresponds to the pores wider than about 30 nm. It has been shown that this particular measure (P) of 'coarse capillary porosity' is correlated directly with the values of D e obtained for a given type of cement at different water/binder ratios and that, as P tends to zero, so D e for chloride ion also tends to zero, implying that pores narrower than those measured by the technique are unable to sustain significant rates of chloride diffusion (20, 21 ).
An advantage of using D e and γ e as the chloride transport and binding indices is that both can be measured with a single type of specimen and cell arrangement, which is well adapted to allow effects of temperature, water/binder ratio and other relevant variables to be evaluated. A limitation is that the test duration is relatively long, typically requiring several months to perform on specimens of hardened cement paste or mortar of high resistance to chloride penetration. Whilst this is not too serious a drawback if the test is to be used, for example, as a means of ranking the performance of different binders that are being considered for use in a major project, it is unlikely to be acceptable for other 
Information from resistivity measurements
For cases where rapid indications of the chloride transport resistance of concrete are needed, the simplest approach would appear to be measurement of the electrical resistivity of water saturated concrete, as this provides an indirect measure of the porosity and pore connectivity. The fact that resistivity is influenced not only by porosity, but also by pore tortuosity and constrictivity largely explains why mature blended cement concretes often tend to develop much higher resistivities than those of similar overall porosity made from OPC, as illustrated by the results shown in Fig. 3 . There are of course differences between the composition of the pore liquid within different cements but, except in cases where high levels of very reactive pozzolans such as microsilica are involved (23), these are not such as to produce major differences in the pore solution conductivity and so they account for only a small part of the very large difference in resistivity for the two binders illustrated in Figure 3 . Concrete resistivity is a parameter which accounts for key properties affecting reinforcement durability and is directly related to ionic diffusivity in saturated concrete through the Nernst-Einstein equation (24): where D e = effective diffusion coefficient, k Cl is a test factor, depending on the external ionic concentration, ρ sat is the resistivity of concrete saturated with water and σ the conductivity (inverse of resistivity).
In consequence if k Cl is established, the effective diffusion coefficient, D e , of the chloride ion may be estimated. Again it will be necessary to account separately for chloride binding by means of a parameter (b Cl = binding factor), which could be estimated in various ways, taking account of the quantity of cement per cubic metre of the material.
Concrete ranking
Having obtained independent values of the required chloride transport parameter (D e or ρ sat ) and the binding parameter (γ e or b Cl ) for a suitably wide range of concretes with systematically varied binder composition, it would be possible to determine whether a "composite performance criterion", K = f(D e , γ e ) or g(ρ sat , b Cl ), can be identified, which correlates well with arbitrarily selected chloride penetration indices. The latter might simply be defined as the mean depths of chloride penetration (d 1 , d 3 , d 5 ) recorded after appropriately lengthy periods of immersion of the materials (1,3,5 years) in a standard saline solution under well defined laboratory conditions. The concretes concerned could thus be classified as being of "low", "moderate", "high" or "very high" chloride penetration resistance and the performance criteria, f(D e , γ e ) or g(ρ sat , b Cl ) would provide an empirical means of ranking other concretes.
The procedures outlined would provide an indication of the expected performance of different types of concrete in saline environments where chloride diffusion constitutes the dominant mechanism of ingress. They might be used as a guide to the minimum cover thickness required to provide specified service lives for reinforced concrete structures in chloride-containing environments of known severity for which long-term service records exist. Service life modelling could then be reserved for academic purposes and for formulation of scenarios in the early stages of design of reinforced concrete structures for durability. In the authors' view these are its most valid purposes given the present uncertain state of knowledge.
Conclusions
To the question posed in the title of this paper, the authors' response is ambivalent.
There are not at present suitable models for reliable prediction of time to depassivation of steel in concrete exposed to severe chloride-containing environments, mainly because of a lack of detailed knowledge of chloride penetration mechanisms and threshold levels. The non-steady state diffusion coefficient, D a , required by current models, is a variable parameter, which depends on testing conditions and accounts simultaneously for several phenomena. Attempts to formulate and refine service life models are nevertheless valuable precisely because they expose the weaknesses in current design methodology. In particular, they suggest that the competing processes of chloride transport and binding must be separately evaluated if progress is to be made in deriving performance criteria that can be used for ranking different types of concrete in terms of their ability to resist chloride penetration.
